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Some history: PDF4LHC 

l  In 2010, we carried out an exercise to 
which all PDF groups were invited to 
participate 

l  A comparison of NLO predictions for 
benchmark cross sections at the LHC 
(7 TeV) using MCFM with prescribed 
input files 

l  Benchmarks included 
◆  W/Z production/rapidity 

distributions 
◆  ttbar production 
◆  Higgs production through gg 

fusion 
▲  masses of 120, 180 and 240 

GeV 
l  PDFs used include CTEQ6.6, 

MSTW08, NNPDF2.0, HERAPDF1.0, 
ABKM09, GJR08  
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2010 PDF luminosities 
l  The qQ luminosities for the groups had different behaviors at low 

mass and at high mass 
l  The reasons can often be understood 

◆  NNPDF2.0 does not use a heavy quark flavor scheme; this suppresses the low 
x quark and anti-quark distributions (NNPDF2.1 does use such a scheme) 

◆  HERAPDF uses the HERA combined Run 1 dataset that prefers a higher 
normalization; the others had not included it yet 

l  The agreement tends to be much better in the W/Z region 

Plots by  
G. Watt 
arXiv: 
1106.5788 
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 2010 PDFs 
l  Larger differences are observed for gg luminosities, especially at 

high mass 
◆  critically depends on whether Tevatron inclusive jet data have 

been used or not 

Plots by  
G. Watt 
arXiv: 
1106.5788 
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2010 cross section comparisons 

l  Notice that the CTEQ and MSTW predictions for W/Z production 
are very close to each other 

l  Also, in general, there is very little dependence of the cross 
sections on the value of αs(mZ) (as expected) 

l  And of course, the higher qQ luminosities observed earlier lead to 
higher predictions for W/Z cross sections for HERAPDF 
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2010 cross section comparisons 

l  Larger gg differences and greater dependence on αs lead to larger 
differences in Higgs/tT cross section 

Plots by  
G. Watt 
arXiv: 
1106.5788 

Note that there tends  
to be two groupings 
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Comparison of NNLO PDF luminosity functions 

l  NNLO trends are 
similar to those 
observed at NLO 

Plots by  
G. Watt 
arXiv: 
1106.5788 
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PDF4LHC recommendations(arXiv:1101.0538) 

Of course, there is the freedom/encouragement to use any individual PDF desired  
for comparison to measured cross sections. This  has been the norm for the LHC 
results. 
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More benchmarking 
2 studies in 2011 Les Houches proceedings(1203.6803) 
l  Benchmarking for inclusive DIS cross sections 

◆  with S. Alekhin, A. Glazov, A. Guffanti, P. Nadolsky, and J. 
Rojo 

◆  excellent agreement observed between CTEQ code with 
alternative DIS calculation provided by A. Guffanti 

l  Benchmark comparison of NLO jet cross sections 
◆  J. Gao, Z. Liang, H.-L. Lai, P. Nadolsky, D. Soper, C.-P. Yuan 
◆  compare EKS results with FastNLO (NLOJET++) 
◆  excellent agreement between the two if care is taken on 

settings for jet algorithm, recombination scheme, QCD scale 
choices 
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Higgs Yellow Reports 

paralleled 2010 PDF4LHC 
report more extensive use of PDF and cross 

section correlations 
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l  Correlations differ 
between PDFs 
more than I would 
have originally 
suspected 

l  Again, MSTW, 
CTEQ and NNPDF 
correlations tend to 
be similar 
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Followup  

l  Study of NNLO PDFs from 5 PDF groups (no new updates for JR) 
◆  drawing from what Graeme Watt has done, but now including CT10 

NNLO, and NNPDF2.3 NNLO 
▲  HERAPDF has upgraded to HERAPDF1.5; ABM09->ABM11 

◆  using a common values of αs (0.118) as a baseline; varying in range 
from 0.117 to  0.119) 

◆  including a detailed comparisons to LHC data which have provided 
detailed correlated systematic error information, keeping track of 
required systematic error shifts, normalizations, etc 

▲  ATLAS 2010 W/Z rapidity distributions 
▲  ATLAS 2010 inclusive jet cross section data 
▲  CMS 2011 W lepton asymmetry 
▲  LHCb 2010 W lepton rapidity distributions in forward region 

l  The effort was led by Juan Rojo and Pavel Nadolsky and has resulted in 
an independent publication 

l  The results from this paper will be utilized in a subsequent PDF4LHC 
document(s) 

l  …and in YR3 
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…on the archive, soon to be journalized 

l  Not officially a 
PDF4LHC document 
but will be used as input 
to future 
recommendations  

l  Comparisons only at 
NNLO, but NLO 
comparisons available 
at http://
nnpdf.hepforge.org/
html/pdfbench/catalog 



!
!

PDFs used in the comparison 

No updates of JR since 2009, but one should be forthcoming in the near future.  
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PDF comparisons 

…results for  
other values of 
αs and at NLO 
available on 
the HEPFORGE 
website 
 
good agreement 
for all sets for 
quark singlet 
distribution 

quark singlet PDFs 
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Comparison of PDFs 
CT10, MSTW08 
and NNPDF2.3 
gluon distributions 
all in reasonable 
agreement 
 
The 1-sigma 
uncertainty 
bands overlap 
for all values of 
x 
 
Differences are 
larger for ABM11 
 
HERAPDF  
uncertainties  
similar to other 
PDF sets at low x; 
larger at high x due  
to lack of collider  
jet data 

gluon PDF 
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PDF luminosities 

gluon-gluon and  
gluon-quark  
luminosities in 
reasonable agreement 
for CT10,  
MSTW08 and  
NNPDF2.3 for full  
range of invariant  
masses 
 
HERAPDF1.5  
uncertainties larger in 
general 
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PDF luminosities 

quark-antiquark 
luminosities for 
CT10, MSTW08 
and NNPDF2.3 
overlap almost  
100% in W/Z  
range 
 
ABM11 systematically 
larger at small 
mass, then falls 
off more rapidly 
at high mass 

quark-quark and quark-antiquark 
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Uncertainties have improved 
l  …with additional data and in going from NLO to NNLO 
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NNLO PDF uncertainties 

l  Factor of 2 expansion of 
MSTW2008 error 
basically works for gg 
initial states (like 125 
Higgs) 

l  …but maybe an 
overestimate for qQ 
initial states 
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Compare relative luminosity uncertainties 

good agreement in 
size of uncertainties 
between the 3  
global PDFs 
 
larger uncertainties 
of HERAPDF1.5 
apparent 
 
ABM11 uncertainties 
smaller at high  
mass 
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8 TeV Higgs cross section predictions 

cross sections 
calculated at 
NNLO 
using a scale  
of mH 
 
ABM11 and 
HERAPDF1.5 
predictions 
within  
error  
envelope 
 
NB: ABM11 
cross section 
would be  
lower if 
native value  
of αs (0.1134) 
used 

ggF 

VBF 
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More 8 TeV Higgs cross section predictions 
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8 TeV NNLO Higgs Cross Section Predictions 
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Revisit prescriptions (for 8 TeV cross 
sections) 

2010 2012 

Compare to MSTW08 NNLO value of 18.45 pb 
(2010 prescription) 
 
HXSWG 8 TeV NNLO cross section 

NNLO+NNLL 

2012 
 

midpoint 
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Higgs cross section predictions 
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8 TeV tT cross section predictions 

…with the data in 2012 and with the completion of the NNLO top cross section, top will  
provide very useful information on the gg PDF luminosity 
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8 TeV W/Z cross sections 
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2010 to 2012 comparison 
l  Better agreement in going from NLO to NNLO 
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8 TeV cross section ratios 

Here the uncertainty is larger than individual PDF errors, even though mostly qQ initial states.  
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Summary 
l  New NLO (and NNLO) PDFs are available: CT10, NNPDF2.3, 

HERAPDF1.5, ABM11, in addition to MSTW2008 (which will be updated in 
the near future) 

l  Higgs cross section predictions have been updated using the new NLO 
and NNLO PDFs 

l  A new prescription based on the same families of PDFs would lead to a 
central prediction (and uncertainties) very similar to what was used in 
2010 
◆  note that quark-quark luminosity uncertainties have been reduced; 

gluon-gluon luminosity uncertainties (at least in the 125 GeV range) 
have not 

◆  HERAPDF1.5 NNLO predictions consistent with those of CT10, 
NNPDF2.3 and MSTW2008 but with larger uncertainties 

◆  larger differences with ABM11; may be due to use FFN scheme; see 
talk of Robert Thorne at Friday’s PDF4LHC meeting 

l  No explicit contribution from the PDF group is planned for YR3; there will 
be a PDF4LHC recommendation update 

l  Complete set of plots and comparisons at NLO and NNLO available at 
http://nnpdf.hepforge.org/html/pdfbench/catalog 
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The future looks bright 
l  New data from HERA and from 

the LHC should improve 
understanding of PDF 
uncertainties for Higgs cross 
sections 
◆  for example, PDF4LHC meeting 

on Friday will discuss new F2
c 

results from HERA 
◆  we should use as input all 

relevant high-statistics LHC data 
▲  e.g. inclusive photon 

production, photon+jet, W+c, 
Drell-Yan, single top and top 
pair production, … 

▲  ratios thereof at different 
center-of-mass energies 

▲  this data must be reported 
with well-understood 
correlated systematic errors 
to be understood; also which 
errors are additive and which 
are multiplicative 
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Some PDF issues 
l  What is the current (and ultimate) uncertainty of the LHC beam 

energy, how does it affect uncertainties in cross section 
comparisons, and how might ratios of cross sections lead to more 
precise comparisons (taking into account correlations)?  

l  What sort of errors/uncertainties are present in using NNLO PDFs 
with NNLO+NNLL predictions (i.e. do we need resummed PDFs); 
what sort of errors/uncertainties wold be present if NNLO PDFs 
were used with a NNNLO prediction for ggF? 

l  Revisiting theory uncertainties in PDF determination, i.e. scale 
choice for processes such as inclusive jet production 

l  …as well as issues regarding scale choices in LHC predictions 
(such as discussed in extra slides) 
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Back to correlations 
l  A 126 Higgs 

produced 
through ggF is 
strongly 
correlated with 
the gluon 
distribution in the 
x-range around 
mHiggs/sqrt(s) 
◆  and anti-

correlated with 
the higher x 
gluon 
distribution 

l  The correlation is 
the same 
whether LO or 
NLO (or NNLO) 
matrix elements 
are used 

using CT10NNLO PDFs: Jun Gao and Pavel Nadolsky (preliminary) 
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Correlations 
l  The ggF Higgs cross 

section at 7 TeV 
depends primarily on 
a few eigenvectors, 
presumably relating to 
the low x gluon 
distribution 
◆  I haven’t had a 

chance to check yet 
exactly what the 
PDF components 
are 

l  You can also 
effectively directly 
probe the PDF 
direction sensitive to 
the Higgs cross 
section using the 
Lagrange Multiplier 
technique 
◆  study in progress 

CT10 NNLO 
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Correlations with the gluon 

l  Here are the 
experiments 
that are most 
sensitive to the 
gluon 
distribution (for 
CT10 NNLO 
but should be 
similar for other 
PDFs) 
◆  HERA and 

the Tevatron/
LHC jet 
experiments 
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Correlations between jet data and the gluon 

l  Correlations are 
shown for each data 
point for each cross 
section 

l  As expected, Tevatron 
jet cross sections are 
mostly strongly 
correlated with the 
high x gluon, LHC jet 
cross sections with the 
low x gluon 
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l  Currently, the 
HERA combined 
data provide the 
greatest 
constraint on the 
low x gluon 
distribution 

l  LHC jet data can 
provide a more 
important role, if 
the systematic 
errors can be 
reduced 

l  The completion 
of the NNLO 
inclusive jet 
cross section 
calculation is 
also crucial to 
reduce the 
theoretical 
uncertainty 
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ATLAS 2010 jet data 
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Systematic error shifts for ATLAS jet data for 
CT10 and NNPDF2.3 NNLO 

χ2 for all PDFs 
are good (too good?) 
2010 data not 
constraining for  
PDF fits?  

also important to check that no 
major systematic errors need large shift 
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Scale uncertainty 
l  The Higgs cross section depends on the renormalization scale µR 

and factorization scale µF 

l  Consider default values for these two scales, µo,F and µo,R and 
expand around these values 

l  Can write the NLO Higgs cross section (actually any NLO cross 
section) near the reference scales as 

l  …where the explicit logarithmic dependences have been factorized 
out; the b and c variables will depend on the kinematics 

l  In general, there will be a saddle point, where the local slope as a 
function of µR,µF is zero, i.e. the b’s vanish 

l  Around the saddle point, can write the scale dependence as 
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Consider inclusive jet cross section at NLO 

l  For cF>0,cR<0 and cF,|cR|>>|cRF|, 
the saddle point axes are aligned 
with the plot axes, as shown at 
the top right 

l  At higher pT values, cRF<0 and 
cF,|cR|<<|cRF|, the saddle position 
rotates by about 45o 

l  The saddle position also depends 
on jet size and on rapidity 
(somewhat) 

l  In any case, the perturbative 
series is well-behaved for 
inclusive jet production, leading to 
stable predictions at NLO, using a 
scale related to the pT of the jet  

l  …except perhaps when you go 
very far forward 
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2-D plots for ggF for Higgs 
l  The NNLO scale dependence looks similar to that for low pT inclusive jet 

production, steep at low values of µR, shallow in µF 

l  Note that there is no saddle point at NLO in the range of scales plotted; it 
looks similar to LO for inclusive jet production ihixs 

Achilleas Lazopoulos and Stephan Buehler, with Steve Ellis 
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ggF at NNLO 
l  Note that the location of the 

saddle point is at ~(0.15mH,
0.24mH), i.e. outside of the range 
of uncertainties typically taken 
into account when using a scale 
of either mH or 0.5 mH 

l  Saddle point ~23.1pb compared 
to 20.7pb for mH/2 

l  Maybe the saddle point is not 
magic, but it may be disturbing 
that it is not included in the 
uncertainty calculation 
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ggF at NNLO 
l  Now consider a 450 GeV 

Higgs produced by ggF 
l  There’s some rotation of the 

saddle region as you would 
expect from the jet analysis 

l  Saddle point also moves to 
smaller µF 
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Babis at GGI 
l  Points out that series is not well-

behaved and that even NNLO might 
not be enough for precision 
predictions 

l  ~N3LO prediction peaks near a scale 
of mHiggs 

l  But normalization has not been 
determined; likely to have some 
additional positive corrections 

•  I don’t really understand the ~NNNLO 
curve. Very large change in  
predicted cross section at low scales. 
•  claims that 5% precision might be  
achievable at NNNLO.  
•  good progress in the  
calculation, so maybe we don’t have too 
long to wait; need Higgs + 1 jet at NNLO 
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Now look at Higgs+1 jet at NLO 
l  This is for inclusive requiring only a 20 GeV/c cut on the jet; behavior is 

monotonic and no saddle point is present; scale uncertainties are large and ill-
defined 
◆  …but better than inclusive Higgs production at NLO 

Higgs+1 jet at NNLO in 2013 (N. Glover, private communication) 
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What about Higgs+2 jets? 
l  Better behavior than for either 

inclusive Higgs or Higgs+1 jet 
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Higgs+2 jets (2D) 

l x 
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Higgs + 2 jets (positive cross sections) 

l x 
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Higgs + 2 jets 
l x 
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l x 

Scale of mHiggs 
(3360 fb) 
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µF dependence 
l  As we have seen, the µF dependence is much flatter than the µR 

dependence for gg->Higgs (+jets) 
l  Mostly because ggF probes the gluon distribution in the region around the 

inflection point 
l  For the higher x values probed in the VBF region, this will change 

somewhat 
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Comparisons to 2011 data 
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Comparisons to 2011 data 
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Comparisons to 2011 data 
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Comparison of jet predictions 

scale =pTjet 

scale =pTjet,max 

scale =pTjet,max in each rapidity bin 

hatched is FASTNLO 
uncertainty band  
for pT/2 to 2pT 

ATLAS choice 

could we agree on  
a common scale, 
like pT

jet? 

agreement  
at high pT, 
some  
differences 
for  
APPLGRID 
at low pT 
 
larger 
differences 
at low pT 
if scale 
of pT

jet,max 

is used 
 
note  
unshifted 
data has  
poor  
agreement 
with theory 
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Aside: Scale choices  
l  Take inclusive jet production at the 

LHC 
l  Canonical scale choice at the LHC is 

µr=µf=1.0*pT 
◆  CDF used 0.5pT 

◆  CTEQ6.6/CT10 used this scale for 
determination of PDFs 

◆  new CT PDFs use pT 

l  Close to saddle point for low pT 

l  But saddle point moves down for 
higher pT (and the saddle region 
rotates) 

l  Our typical scale choices don’t work 
for all LHC kinematics; more extreme 
movements for some of measured 
cross sections 

l  Rather than look for some magic 
formula, we should try to understand 
what is going on the kinematic/scale 
point-of-view 

R=0.4 
antikT 
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Scale dependence also depends on jet size;  

R=0.4 
antikT 

R=0.6 
antikT 
 
NB:Tevatron 
inclusive 
jet  
measurements 
with  
R=0.7 
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Calculation of χ2 

l x 



!
!

Which χ2? 
l  There are a number of χ2 values being quoted that can differ 

greatly depending on the details of the definition 
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Sheldon tackles 6-loops 


